Abstract
oxides, and sulphide. This increases the risk of bone cancer, cancer of the soft tissue near the bone, 45 and leukaemia from internal exposure (EPA, 2015) . Environmental behaviour of radioactive 46 strontium has therefore attracted increasing attention over the last three decades, focused on problem is challenging due to perennial complexities and strong heterogeneities in geological mass.
60
From systematic viewpoint, a persistent issue is how to explore appropriate predictive models in the 61 absence of sufficient information on heterogeneous hydraulic-physical-chemical properties.
62
Traditionally, migration of species in geological systems, from the pore scale upwards, is described 
82
In the CTRW framework, the conservative tracer (e.g. bromide) parameters, including mean fluid 83 velocity and dispersion coefficient, are inappropriate to describe transport of reactive or sorbing 84 tracers (e.g. atrazine, TBNPA) through laboratory columns (Li and Ren, 2009; Rubin et al., 2012) .
85
Although models for describing non-Fickian transport, including mobile-immobile, fractional 86 derivative, and multi-rate mass transport, have been applied to simulate certain pollutants transport 87 process (e.g. pesticides), few studies focused on the application of those models to the fate of sorption into independent sets of measured/fitted parameters is not justifiable, although such 91 separation has been used in the traditional ADE formulation (Rubin et al., 2012 
151
where C is species concentration in the liquid ( 
179
The simulated BTCs can be solved with given boundary conditions. Here, Dirichlet boundary with 180 prescribed concentration, which is determined by the leach concentration curve as described by for the purpose of this study.
189
In the CTRW framework, transport processes are conceptualized as a series of particle transitions 
193
The one-dimensional (1D) CTRW for macroscopic transport through a uniform domain is given in
194
Laplace space by Eqs. (4)- (7) 
where β is a critical parameter characterizing the regimes of the dispersive transport, t 1 is a 216 characteristic transition time for the onset of the power law region, t 2 is a "cut-off" time, τ 2 = t 2 /t 1 .
217
The memory function is determined by setting t̄ = t 1 .
218
The TPL model allows for a systematic investigation of non-Fickian transport observed for 219 transition times t 1 < t < t 2 , and for analysing the transition from non-Fickian to Fickian transport for Table 1 . tracer in the same flow system. In the Laplace space, this is given by
where Λ is the average "sticking" rate, ( ) u ϕ % is a single "sticking time" pdf.
234
For small-scale physical-chemical heterogeneities, φ(u) can be characterized by the form Cortis et
where µ is a positive and smaller than 1 which yields power law tailing.
238
In this study, the TPL model with sorption is used to interpret the measured BTCs of Sr 2+ , since 239 the TPL model has been proved to be effective in describing non-Fickian transport for numerous 
Inverse modelling with ADE and CTRW-TPL methods

247
The experimental BTCs are analyzed using the equilibrium ADE and CTRW-TPL methods 
257
Further, the ratio of eluted tracer mass to the total tracer mass m 0 , i.e. the cumulative mass fraction 258 eluted from columns f is calculated by
260
The two parameters, c and f, are used to constrain the inversion process. The estimated parameters of the two tested models are given in Table 2 . Estimated 0 < β < 1 for 
330
For columns g and h ( Fig. 4g and h ), in addition to diffusion into immobile zones, sorption is a 331 reasonable explanation for the non-Fickian migration based on the conclusion of (Rubin et al., 2012).
332
The reduction and delay of the peak concentration and the tailing features could be affected by the 
345
Unlike column a with high volumetric flow rate, Fickian transport at medium volumetric flow rate 346 is predicted fairly well for column b and c with values of β slightly larger than 2 ( Fig. 4b and c) . This
347
suggests that the assumption of equilibrium mass transfer between spectrums of different mobility is 348 adequate for moderate flow rates within relatively homogeneous structures. The results also supports 349 our assumption that little sorption/desorption occurs for sand-packed columns.
350
Our results strengthen the understanding that both physical and chemical heterogeneities may 
Chemical heterogeneity effects on non-Fickian transport
398
The column experiments e-h are designed to evaluate the effect of sorption on strontium transport.
399
Expectedly, the tracer transport velocities decrease with increased clay content (Table 2) (Table 2) is not sufficient to describe Sr 2+ transport in clayed media using the 416 equilibrium sorption model (Fig. 4e-h ), because R reflects the simplified kinetic sorption process to 
419
In contrast, the CTRW framework with a sticking rate term is found capable of representing Sr 2+ 420 transport ( Fig. 4e-h) , where slow and fast species transport is manipulated by the random spatial and 421 time increment as a stochastic process, and heterogeneity is mapped on the joint distribution of 422 transition length and times (Dentz et al., 2011). As expected, the average "sticking" rate Λ increases 423 with increasing clay content (Table 2 ). This demonstrates that Λ represents physically the degree of 424 sorption of Sr 2+ on clay minerals, and shows that our CTRW-TPL model is robust in capturing non-
425
Fickian transport when sorption is operating (Fig. 4e-h) . Overall, the CTRW model is of the greater 
438
In this work, inverse modelling by CXTFIT and CTRW toolbox have been used to obtain the 439 relevant model parameters (Table 2) . Overall, the CTRW performs better than the ADE, specifically 440 in capturing measured BTCs, even though there should be little difference between them for column 441 d, due to negligible sorption (Fig. 4) . The equilibrium ADE modelling leads to broad range of 442 parameters in capturing asymmetric BTCs by CXTFIT (Table 2) , as the simple average deterministic is independent of the fitted parameter and reflects the actual migration processes, it is suggested to 463 integrate the ADE and CTRW approaches to find optimal parameters to improve inversion problem.
464
For example, in this work we set admissible limits to the effective transport velocity and dispersion
465
coefficient found by ADE model as constraints to the CTRW. Then, in the CTRW framework, β can 466 be estimated through analysis of the velocity field (Gao et al., 2009 layer allows us to understand a continuous and decreasing tracer release process (Fig. 2) . This Table 1 Relationship between β and transport regimes 1 662
Value
Characteristics of parameters Transport feature 0<β<1 The first and the second moment of the ψ(t) does not exist; both transport velocity and dispersion coefficient vary with time as power laws.
Indicates a highly non-Fickian dispersion transport.
1<β<2 The second moment of the ψ(t) does not exist, where transport velocity is constant but dispersion coefficient still vary with time.
Presents moderate non-Fickian transport or moderately dispersive systems. β⩾2 The first and second moments of the ψ(t) exist, both transport velocity and dispersion coefficient are constant.
Displays Fickian transport, Gaussian distributions of plume 
